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1.  Introduction 


We  performed  quasistatic,  uniaxial  tension  tests  on  single-ply  specimens  of  plain- woven,  600- 
denier,  Kevlar  KM2.  Each  specimen  contained  33  yarns,  for  a  width  of  24.7  mm. 

The  tests  were  performed  with  an  Instron  machine.  The  specimen  was  clamped  at  each  end  by  a 
vice.  The  initial  separation  of  the  two  vices  was  50.8  mm.  This  constitutes  the  gauge  length,  Lq, 
of  the  test.  The  speed  of  vice  separation  was  held  constant  at  2. 12  mm/s.  A  load  cell  was  used  to 
measure  the  force  F  applied  to  the  specimen  corresponding  to  each  imposed  vice  separation,  A. 

In  five  tests,  W1  through  W5,  the  specimen’s  largest  dimension  was  aligned  with  its  warp  yarns, 
and  the  specimen  was  pulled  along  its  warp  yams.  In  the  other  five  tests,  FI  through  F5,  the  long 
dimension  was  aligned  with  the  fill  yarns,  and  the  specimen  was  pulled  along  its  fill  yams.  Data 
for  F  vs.  A  are  plotted  in  figure  1  for  the  warp  series  and  in  figure  2  for  the  fill  series. 

The  remainder  of  this  report  deals  with  processing  of  the  data  in  figures  1  and  2.  In  section  2.1, 
the  Green-St.  Venant  strain  tensor  and  the  second  Piola-Kirchhoff  stress  tensor  are  evaluated. 
These  evaluations  require  the  introduction  of  constitutive  and  kinematic  assumptions.  Values  for 
failure  strain  and  failure  stress  are  presented  for  each  test.  In  section  2.2,  a  least-squares  fit  in  the 
form  of  a  ratio  of  polynomials  (rational  function)  is  presented  for  a  stress-strain  curve  from  a 
representative  warp  test,  a  representative  fill  test,  the  combined  data  from  all  warp  tests,  and  the 
combined  data  from  all  fill  tests,  minus  one  outlier.  These  analytical  fits  are  intended  to  inform 
constitutive  modeling  for  numerical  simulations.  Section  3  discusses  the  failure  strain  and 
failure  stress  results  in  the  context  of  data  from  plain-woven,  600-denier,  Kevlar  KM2  that 
appeared  in  Mulkern  and  Raftenberg1  and  Raftenberg  and  Mulkern.2 


2.  Results 


2,1  Calculation  of  Stress  and  Strain 

Each  single-ply  specimen  consisted  of  two  families  of  yarns,  warp,  and  fill  (weft).  These 
families  were  initially  mutually  orthogonal  and  are  assumed  to  have  remained  mutually 
orthogonal  throughout  the  tension  test.  In-plane  material  coordinates  X\  and  Xo  are  defined  in 
figure  3  as  aligned  with  the  two  families  of  yarns.  The  tensile  loading  is  applied  along  X\. 


1  Mulkern,  T.  J.;  Raftenberg,  M.  N.  Kevlar  KM2  Yarn  and  Fabric  Strength  Under  QuasiStatic  Tension ;  ARL-TR-2865;  U.S. 
Army  Research  Laboratory:  Aberdeen  Proving  Ground,  MD,  October  2002. 

2 

“  Raftenberg,  M.  N.;  Mulkern,  T.  J.  QuasiStatic  Uniaxial  Tension  Characteristics  of  Plain-Woven  Kevlar  KM2  Fabric,  ARL- 
TR-2891;  U.S.  Army  Research  Laboratory:  Aberdeen  Proving  Ground,  MD,  December  2002. 
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Figure  1.  Force-displacement  data  for  a  ply  under  quasistatic,  uniaxial  tension  along  the 
waip  direction. 
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Figure  2.  Force-displacement  data  for  a  ply  under  quasistatic,  uniaxial  tension  along  the  fill 
direction. 
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Figure  3.  Sketch  of  the  plain-weave  construction  of  the  vest. 


Hence,  in  tests  W1-W5,  X\  is  identified  with  the  warp  direction  and  X2  with  the  fill.  In  tests 
F1-F5,  this  identification  is  reversed.  Material  coordinate  X3  is  orthogonal  to  both  X\  and  X2. 
The  vest,  consisting  of  28  plies  of  plain-woven,  600-denier  Kevlar  KM2  enclosed  in  a  Cordura 
case,  is  envisioned  as  a  homogeneous,  orthotropic  continuum.  Its  axes  of  material  symmetry 
coincide  with  X\,  X2,  and  X3. 

In  the  remainder  of  section  2.1,  the  notation  is  adopted  from  Malvern,3  where  discussion  of  the 
following  definitions  can  be  found.  The  first  Piola-Kirchhoff  stress  tensor  T°  throughout  the 
duration  of  each  uniaxial  tension  test  was 


T°(0 


Fit) 


1  0 
0  0 
0  0 


0 

0 

0 


(1) 


Here,  A 0  is  the  undefonned  cross-sectional  area  of  the  single-ply  specimen.  The  specimen’s 
undeformed  width  was  33  yarn  diameters,  or  24.7  mm.  The  undefonned  thickness  of  the  entire 
28-ply  vest  was  measured  with  a  micrometer  to  be  6.35  mm.  The  thickness  attributed  to  a  single 
ply  is  therefore  (neglecting  the  contribution  from  the  Cordura  case)  0.227  mm.  Hence,  A 0  is 
assigned  the  value  of  5.61  (mm)  . 


3 


Malvern,  L.  E.  Introduction  to  the  Mechanics  of  a  Continuous  Medium.  Prentice-Hall:  Englewood  Cliffs,  NJ,  1969. 
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The  second  Piola-Kirchhoff  stress  tensor,  S,  is  defined  by 

S  =  T°  •  F~r  , 

where  the  deformation  gradient  tensor,  F,  is  defined  by 

F=  — 

ax 


(2) 


(3) 


F  at  time  t  describes  the  instantaneous  mapping  from  material  coordinates  X  to  laboratory 
coordinates  x.  At  time  t  =  0,  X\,  Xi,  and  A3  are  coaligned  with  laboratory  coordinates  jci,  X2,  and 
X3,  respectively.  The  Green-St.  Venant  (Lagrangian)  strain  tensor,  E,  is  defined  in  terms  of  F  by 


E  =  — (Fr  •  F  —  i)  , 

2V  ’ 

where  I  is  the  identity  tensor. 

We  introduce  the  constitutive  assumption  of  component  decoupling,  so  that 

**>1 1  =  ^1  ltd'll)’ 

S22  =^22(^22)’ 

^33  =  ^33(^33)’ 

S\2  ~  ^12(^12)’ 

^23  =  ^23(^23)’ 

^31  =  ^3l(^3l)- 


(4) 


(5) 


That  is,  the  Sn  component  of  second  Piola-Kirchhoff  stress  is  a  function  only  of  E\\,  and 
similarly  for  the  other  components.  This  constitutive  assumption  makes  plausible  the  kinematic 
assumption  that  a  condition  of  uniaxial  strain  was  maintained  throughout  the  test.  That  is, 
motion  of  each  material  point  is  assumed  to  be  describable  throughout  the  test  by 


*1  (Ai,t)  =  Aj 


*2  =  A2, 

•*3  =  2^3- 


1+ 


m 

U 


(6) 


Corresponding  to  equation  6,  equation  3  yields 


F(0  = 


Fn(t)  0  0 
0  1  0 
0  0  1 


(7) 


where 


4 


(8) 


F\\(t)  =  1  + 


m 

u 


The  Green-St.  Venant  strain  is  then  detennined  from  equation  4  to  be 

E(0  = 


En(t)  0  0 
0  0  0 
0  0  0 


where 


E“(,)  =  f  +  L2 


A  (Q 
U 


(9) 


(10) 


The  second  Piola-Kirchhoff  stress  is  determined  from  equation  2  to  be 


where 


Sn(t) 


S(0  = 


0 

0 


0 

0 

0 


0 

0 

0 


Suit) 


An 


m 

1+M 


(11) 


(12) 


Equations  10  and  12  are  used  to  convert  the  force-displacement  curves  of  figures  1  and  2  into  the 
stress-strain  curves  of  figures  4  and  5.  Also,  the  displacement  and  force  at  the  time  of  specimen 
rupture  are  converted  to  failure  strain,  E\f ,  and  failure  stress  (strength),  S*'1 ,  by  means  of 
equations  10  and  12,  respectively.  The  results  are  listed  in  table  1.  In  this  table,  and  throughout 
the  remainder  of  this  report,  the  “11”  subscript  has  been  dropped  from  the  notation.  The  scalars 
S  and  E  denote  the  component  of  the  second  Piola-Kirchhoff  stress  and  the  Lagrangian  strain, 
respectively,  along  the  direction  of  applied  tensile  loading,  and  .S'lai1  and  Etu>i  denote  the  values 
corresponding  to  material  failure. 


2.2  Least-Square  Fits  to  Stress-Strain  Curves 

The  stress-strain  curves  in  figures  4  and  5  were  each  fitted  with  the  rational  function 


S(E)  = 


aE  +  bE 2  +cE 3  +  dE4 
1  +  eE  +  fE 2 


;0<  E  <EMl 


(13) 
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Figure  4.  Second  Piola-Kirchhoff  stress  vs.  Green-St.  Venant  strain  for  a  ply  under 
quasistatic,  uniaxial  tension  along  the  warp  direction. 


Figure  5.  Second  Piola-Kirchhoff  stress  vs.  Green-St.  Venant  strain  for  a  ply  under 
quasistatic,  uniaxial  tension  along  the  fill  direction. 
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Table  1.  Failure  strain  and  failure 
stress  (strength)  from  each 
test. 


Test 

E'a" 

SMI 

(GPa) 

W1 

0.122633 

0.542566 

W2 

0.144261 

0.516930 

W3 

0.132930 

0.520462 

W4 

0.128275 

0.514715 

W5 

0.119819 

0.424321 

FI 

0.145151 

0.642427 

F2 

0.149961 

0.631463 

F3 

0.160437 

0.592621 

F4 

0.143361 

0.605060 

F5 

0.146129 

0.596035 

Coefficients  a,  b,  c,  d,  e,  and / were  evaluated  by  a  nonlinear  least  squares  error  procedure. 
Mathematica  software4  was  employed.  The  resulting  fits  are  presented  in  table  2  and  in  figures 
6-13.  For  each  of  these  four  fits,  the  two  poles  in  equation  13  occur  at  complex  values  of  E,  so 
the  rational  function  properly  remains  bounded. 

Table  2.  Least-squares  fit  parameters. 


Coefficients 

W3 

Wl-5 

F2 

FI, 2, 4, 5 

a  (GPa) 

1.35322 

1.65620 

1.79587 

0.872878 

b  (GPa) 

-98.8705 

-128.102 

-204.612 

-57.6990 

c  (GPa) 

2727.95 

3881.13 

14539.8 

7214.87 

d  (GPa) 

-4898.41 

-10674.6 

-33428.5 

-14475.3 

e 

-22.0527 

-15.6910 

-34.3400 

-28.6378 

f 

465.297 

476.711 

2137.94 

1266.84 

~E^ 

0.132930 

0.129584 

0.149961 

0.146151 

2.2.1  Warp  Direction 

In  figure  4,  the  stress-strain  data  from  the  five  warp-direction  tests  display  some  variation  from 
test  to  test.  Test  W3  was  deemed  to  be  representative  of  the  other  four  and  it  was  fitted  in  table  2 
and  figure  6.  The  W3  fit  is  seen  to  closely  follow  the  data  overall,  although  there  is  some 
curvature  deviation  in  the  region  of  small  strain  (see  figure  7).  Figures  8  and  9  re-present  the 
figure  4  data  from  all  five  warp  tests  over  the  entire  strain  range  and  a  small-strain  range, 
respectively.  The  “W3”  fit  of  data  from  test  W3  alone  has  been  reproduced  from  figures  6  and  7. 
To  this  has  been  added  a  fit,  labeled  “Wl-5,”  to  all  data  from  the  five  warp  tests.  The 
coefficients  to  this  second  fit  are  added  to  table  2.  In  the  table,  £lai1  for  fit  “Wl-5”  has  been 
averaged  over  the  five  tests.  Figure  9  shows  that  this  averaged  fit,  while  generally  following  the 
data  closely,  also  displays  some  curvature  deviation  at  small  strain.  For  strains  of  about  0.2,  the 
fit  Wl-5  lies  at  the  edge  of  the  experimental  data,  whereas  fit  W3  lies  slightly  below  the  data. 


4  Wolfram,  S.  The  Mathematica  Book ;  4th  ed.;  Cambridge  University  Press:  Cambridge,  UK,  1999. 
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Figure  6.  Least-squares  fit  for  second  Piola-Kirchhoff  stress  vs.  Green-St.  Venant 
strain  from  test  W3. 


Figure  7.  Least-squares  fit  for  second  Piola-Kirchhoff  stress  vs.  Green-St.  Venant 
strain  from  test  W3  in  the  small  strain  range. 
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Figure  8.  Least-squares  fit  for  second  Piola-Kirchhoff  stress  vs.  Green-St. 
Venant  strain  from  test  W3  and  from  the  averaged  tests  W1 
through  W5. 


Figure  9.  Least-squares  fit  for  second  Piola-Kirchhoff  stress  vs.  Green- 
St.  Venant  strain  from  test  W3  and  from  the  averaged  tests  W1 
through  W5  in  the  small-strain  range. 


2.2.2  Fill  Direction 

In  figure  5  the  stress-strain  data  from  the  five  fill-direction  tests  are  presented.  Test  F2  was 
deemed  to  be  representative  and  it  was  fitted  in  table  2  and  figures  10  and  1 1  for  the  entire  strain 
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range  and  the  small-strain  range,  respectively.  The  F2  fit  is  seen  to  closely  follow  the  data 
overall,  including  in  the  region  of  small  strain. 


Figure  10.  Least-squares  fit  for  second  Piola-Kirchhoff  stress  vs.  Green-St. 
Venant  strain  from  test  F2. 


£ 


Figure  11.  Least-squares  fit  for  second  Piola-Kirchhoff  stress  vs.  Green-St. 
Venant  strain  from  test  F2  in  the  small-strain  range. 
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In  figure  12  data  from  four  fill  tests,  namely  FI,  F2,  F4,  and  F5,  have  been  included  in  the  single 
fit.  The  fifth  test,  F3,  was  rejected  as  an  outlier  based  on  its  relatively  large  deviations  from  the 
other  tests  in  figure  5.  The  coefficients  are  presented  in  table  2.  In  the  table,  Etd,]  for  this 
averaged  fit  “FI, 2, 4, 5”  has  been  averaged  over  the  four  tests.  Figure  13  shows  that  this  averaged 
fit  generally  follows  the  data  at  small  strain. 


Figure  12.  Least-squares  fit  for  second  Piola-Kirchhoff  stress  vs.  Green- 
St.  Venant  strain  from  tests  FI,  F2,  F4,  and  F5  and  from  test 
F2. 


Figure  13.  Least-squares  fit  for  second  Piola-Kirchhoff  stress  vs.  Green- 
St.  Venant  strain  from  tests  FI,  F2,  F4,  and  F5  and  from  test 
F2  in  the  small-strain  range. 
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In  figures  12  and  13,  the  averaged  fit  FI, 2, 4, 5  and  the  F2  fit  are  seen  to  agree  closely  with  each 
other.  Both  fits  fall  within  the  range  of  experimental  stress  data  throughout  the  strain  domain. 


3.  Discussion 


Mulkern  and  Raftenberg1  also  presented  strength  data  for  single  plies  of  plain- woven,  600-denier 
KM2.  Those  tests  were  performed  with  larger  specimens,  50.8  mm  in  width  and  254  mm  in 
initial  separation  between  the  two  clamps.  Strength  results  in  table  5  of  Mulkern  and  Raftenberg 
range  from  2.07  to  2.33  GPa  for  warp-loaded  specimens  and  2.47-2.77  GPa  for  fill-loaded 
specimens.  Before  comparing  these  numbers  to  those  in  our  table  1,  the  former  must  be  adjusted 
to  account  for  the  different  evaluation  of  cross-sectional  area  A o  that  was  applied  in  the  earlier 
report.  Since  the  main  goal  in  Mulkern  and  Raftenberg  was  to  compare  the  plain-woven  single- 
ply  strength  to  single-yarn  strength,  the  effective  thickness  of  the  ply  was  evaluated  based  on  the 
cross-sectional  area  occupied  by  the  yarns.  This  resulted  in  an  effective  ply  thickness  of 
0.0606  mm,  substantially  smaller  than  the  0.227  mm  obtained  in  section  2.1  of  the  present  report. 
The  ratio  of  the  two  thicknesses  is  3.75. 

The  strengths  in  table  5  of  Mulkern  and  Raftenberg  are  divided  by  3.75  to  give  strength  ranges 
from  0.552  to  0.621  GPa  for  warp-loaded  tests  and  from  0.659  to  0.739  GPa  for  fill-loaded  tests. 
Our  strength  results  in  table  1  range  from  0.424  to  0.543  GPa  for  warp-loaded  and  from  0.593  to 
0.642  GPa  for  fill-loaded  tests.  Hence,  our  strength  results  in  table  1  are  consistently  smaller 
than  those  reported  in  table  5  of  Mulkern  and  Raftenberg.  This  discrepancy  may  reflect 
differences  in  the  two  sets  of  specimens.  Alternatively,  this  discrepancy  may  reflect  a  systematic 
error  in  one  set  of  experiments,  e.g.,  slippage  at  a  clamp. 

Our  failure  strain  results  in  table  1  can  be  compared  with  results  in  another  report  on  plain- 
woven  600-denier  KM2,  Raftenberg  and  Mulkern.2  Since  the  gauge  length  in  Raftenberg  and 
Mulkern  was  not  determinable,  no  strains  were  reported.  However,  the  crosshead  displacements 
at  failure,  plotted  in  figure  13  of  Raftenberg  and  Mulkern,  clearly  show  larger  values  for  the 
warp-loaded  tests  than  for  the  fill-loaded  tests.  This  trend  was  attributed  to  the  presence  of 
greater  initial  crimping  in  the  warp  than  in  the  fill  yarns.  In  contrast,  our  table  1  shows  larger 
failure  strains  for  the  fill-oriented  tests  than  for  the  warp-oriented  tests.  This  trend  in  our  table  1 
is  therefore  inconsistent  with  that  reported  in  Raftenberg  and  Mulkern.  The  explanation  for  this 
discrepancy  is  also  unclear.  Differences  between  the  two  sets  of  specimens  or  a  systematic  error 
in  one  set,  such  as  slippage  at  a  clamp,  are  two  possible  sources. 
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4.  Summary 


We  analyzed  data  from  quasistatic,  uniaxial  tension  tests  on  single-ply  specimens  of  plain- 
woven,  600-denier  KM2.  Failure  strains  were  found  to  range  from  0. 120  to  0. 144  for  warp- 
loaded  and  from  0.143  to  0.160  for  fill-loaded  tests.  Failure  stresses  (strengths)  ranged  from 
0.424  to  0.543  GPa  for  warp-loaded  and  from  0.593  to  0.642  GPa  for  fill-loaded  tests.  A  least- 
squares  fit,  in  the  form  of  a  rational  function,  was  obtained  to  the  second  Piola-Kirchhoff  stress 
vs.  Green-St.  Venant  strain  data  for  a  representative  warp-direction  and  a  representative  fill- 
direction  test.  In  addition,  averaged  least-square  fits  of  all  the  warp  data  and  of  data  from  four 
out  of  five  fill  tests  were  obtained,  also  in  the  form  of  a  rational  function.  These  fits  are  intended 
to  inform  constitutive  modeling  in  numerical  simulations. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


A0  initial  cross-sectional  area  of  the  smaller  platen 

E  Green-St.  Venant  (Lagrangian)  strain  tensor 

Eu  component  ij  of  E 

E 11,  E  nonnal  component  of  the  Green-St.  Venant  (Lagrangian)  strain  along  the  load 

direction 

,  Efml  the  values  of  En,  E  corresponding  to  specimen  rupture  in  the  tension  test 

F  deformation  gradient  tensor 

F  tensile  force  applied  to  the  fabric  specimen 

I  identity  tensor 

L0  specimen  gauge  length  (initial  separation  between  the  two  grips) 

S  second  Piola-Kirchhoff  stress  tensor 

Sij  component  ij  of  S 

An,  S  nonnal  component  of  the  second  Piola-Kirchhoff  stress  along  the  load  direction 

Slf ,  Sf'dtl  the  values  of  Sn,  S  corresponding  to  specimen  rupture  in  the  tension  test 

T°  first  Piola-Kirchhoff  stress  tensor 

X  material  coordinate  vector 

X\,  X2,  A,  material  coordinates 

a,  b,  c,  d,  e,f  coefficients  in  a  fit  to  S  vs.  E 

t  time 

x  spatial  coordinate  vector 

x\,X2,  a'3  spatial  (laboratory)  coordinates 

A  relative  displacement  of  the  two  grips 


<f)l}  constitutive  function  relating  A,,  to  El} 
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3  U  C  BERKELEY 
MECHANICAL  ENGR  DEPT 
D  STEIGMANN 

P  PAPADOPOULOS 
B  NADLER 
6133  ETCHVERRY 
BERKELEY  CA  94720 

2  UNIVERSITY  OF  ROCHESTER 
MECHANICAL  ENGR  DEPT 
D  J  QUESNEL 
A  L  LERNER 

ROCHESTER  NY  14627-0132 

4  FOSTER-MILLER 
K  KASTURI 

W  KONG 
M  ROYLANCE 
J  TING 

350  SECOND  AVE 
WALTHAM  MA  02451 

1  DYNA  EAST  CORP 
WFLIS 

3620  HORIZON  DR 
KING  OF  PRUSSIA  PA 
19406-2647 

2  SOUTHWEST  RSRCH  INST 
ENGR  AND  MAT  SCI  DIV 
C  E  ANDERSON 

J  WALKER 

6220  CULEBRA  RD 

PO  DRAWER  28510 

SAN  ANTONIO  TX  78228-0510 

2  UNIV  OF  TEXAS  AT  AUSTIN 
INSTITUTE  FOR  ADV  TECH 
S  BLESS 
S  SAT APATHY 
4030  2  W  BRAKER  LN 
AUSTIN  TX  78759 

1  LIVERMORE  SOFTWARE  TECH 
CORP 

J  O  HALLQUIST 
2876  WAVERLY  WY 
LIVERMORE  CA  94550-1740 

1  PURDUE  UNIV 
AERO  &  ASTRO 
C  T  SUN 

W  LAFAYETTE  IN  47907-1282 
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1  APPLIED  RSRCH  ASSOCIATES 
L  A  BROWN 

1848  LOCKHILL  SELMA  RD 
SUITE  102 

SAN  ANTONIO  TX  78213 

1  JAYCOR  CORP 
J  STUHMILLER 
9775  TOWNE  CENTRE  DR 
SAN  DIEGO  CA  92121 

1  DOMINCA 
N  WINFREE 

12111  RANCHITOS  RD  NE 
ALBUQUERQUE  NM  87122 

1  NAVAL  POSTGRADUATE 
SCHL 

MECH  ENG 
YKWON 

700  DYER  RD  BLDG  245 
MONTEREY  CA  93943-5146 

1  APPLIED  RSRCH  ASSOCIATES 
D  E  GRADY 
SUITE  A  220 

4300  SAN  MATEO  BLVD  NE 
ALBUQUERQUE  NM  871 10 

5  T  J  MOYNIHAN 

MINING  SAFETY  APPLIANCES  CO 
P  O  BOX  439 

PITTSBURGH  PA  15230-0439 

3  DUPONT  SPRUANCE  PLANT 
H  H  YANG 

5401  JEFFERSON  DAVIS  HWY 
RICHMOND  VA  23234 

1  UNIV  OF  MASSACHUSETTS 

S  B  WARNER 
TEXTILE  SCIENCES 
NORTH  DARTMOUTH  MA  02747 

1  CORNELL  UNIV 
S  L  PHOENIX 

THEORET  APPLIED  MECHANICS 
321  THURSTON  HALL 
ITHACA  NY  14853 


3  MICHIGAN  STATE  UNIV 
WR  YU 

F  POURBOGHRAT 
M  ZAMPALONI 
MECHANICAL  ENGINEERING 
EAST  LANSING  MI  48824 

7  DIR  LLNL 
M  J  MURPHY 
D  LASS1LLA 
M  FINGER 
R  CHRISTENSEN 
S  DETERESA 
F  MAGNESS 
TECH  LIB 
PO  BOX  808 
LIVERMORE  CA  94550 

4  DIRECTOR 

SANDIA  NATIONAL  LABS 
M  KIPP 
E  HERTEL 
R  BRANNON 
TECH  LIB 
PO  BOX  5800 
ALBUQUERQUE  NM 
87185-5800 

3  DIRECTOR 

SANDIA  NATIONAL  LABS 
APPLIED  MECHANICS  DEPT 
MS  9042 
J  HANDROCK 
Y  R  KAN 
J  LAUFFER 
PO  BOX  969 

LIVERMORE  CA  94551-0969 

3  DIR  LANL 
D  A  MANDEL 
G  T  GRAY 
TECH  LIB 
POBOX  166 

LOS  ALAMOS  NM  87454 

1  USA  SPCL  OPNS 
SGM  L  KJELLSON 
PO  BOX  70660 
FT  BRAGG  NC  28307-5000 


1  INTERNATIONAL  RESEARCH  ASSOC 
D  L  ORPHAL 
4450  BLACK  AVE  STE  E 
PLEASANTON  CA  94566 
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1  US  ARMY  NGIC 

T  SHAVER 
2055  BOULDERS  RD 
CHARLOTTESVILLE  VA 
22911-8318 

5  C  SMITH 

1312  MARQUIS  CT 
FALLSTON  MD  21047 

ABERDEEN  PROVING  GROUND 

1  US  ARMY  MATERIEL 

SYSTEMS  ANALYSIS  ACTIVITY 
P  DIETZ 

392  HOPKINS  RD 
AMXSY  TD 
APG  MD  21005-5071 

1  US  ARMY  ATC 

W  C  FRAZER 
CSTE  DTC  AT  AC  I 
400  COLLERAN  RD 
APG  MD  21005-5059 

101  DIRUSARL 

AMSRD  ARL  Cl  HC 
R  NAMBURU 
C  ZOLTANI 
AMSRD  ARL  SL 
R  SAUCIER 
D  BELY 
R  HENRY 

AMRSD  ARL  SL  BE 
E  DAVIS 

AMSRD  ARL  WM 
J  SMITH 

AMSRD  ARL  WM  BA 
D  LYON 

AMSRD  ARL  WM  BC 
P  PLOSTINS 
J  NEWILL 
S  WILKERSON 
A  ZIELINSKI 
AMSRD  ARL  WM  M 
B  FINK 
M  ADAMSON 
T  BOGETTI 
B  CHEESEMAN 
CF  YEN 
PMOY 
G  GAZONAS 
D  HOPKINS 
C  HOPPEL 


NO.  OF 

COPIES  ORGANIZATION 

J  LASALVIA 
RLIEB 
S  MCKNIGHT 
B  SCOTT 
L  BURTON 
R  DOOLEY 
ERIGAS 
E  WETZEL 
D  SPAGNUOLO 
W  SPURGEON 
J  TZENG 

J  MONTGOMERY 
J  LASALVIA 
J  BEATTY 
ECHIN 
WROY 
S  WALSH 
J  MCCAULEY 
W  DRYSDALE 
P  DEHMER 
M  BRATCHER 
D  DESCHEPPER 
L  GHIORSE 
C  PERGANTIS 
B  F  HART 
AMSRD  ARL  WM  T 
B  BURNS 

AMSRD  ARL  WM  TA 
W  BRUCHEY 
W  GOOCH 
T  HAVEL 
M  ZOLTOSKI 
E  HORWATH 
M  BURKINS 
T  JONES 
B  RICKTER 
M  NORMANDIA 
T  HADUCH 
N  GNIAZDOWSKI 
AMSRD  ARL  WM  TB 
P  BAKER 
R  BITTING 
L  LOTTERO 
AMSRD  ARL  WM  TC 
K  KIMSEY 
L  MAGNESS 
D  SCHEFFLER 
S  SCHRAML 
W  WALTERS 
R  COATES 
AMSRD  ARL  WM  TD 
M  N  RAFTENBERG  (20  CPS) 
E  RAPACKI 
T  WEERISOORIY A 
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S  SCHOENFELD 
S  BILYK 

M  SCHEIDLER  (5  CPS) 
T  BJERKE 
Y  HUANG 
D  CASEM 
J  CLAYTON 
H  MEYER 
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1  TNO  TPD 

K  SMORENBURG 
P  O  BOX  155 
2600  AD  DELFT 
THE  NETHERLANDS 

2  P  ROUVET 

J  DA  CUNHA 
DGA/ETBS/SDT/EXT 
BOURGES 
FRANCE 

1  P  CHANTERET 

INSTITUT  SAINT-LOUIS 

MULHOUSE 

FRANCE 

1  RAFAEL  BALLISTICS  CTR 
M  MAYSELESS 

PO  BOX  2250 

HAIFA 

ISRAEL 

2  DSTL  BIOMEDICAL  SCIENCES 
W  TAM 

G  COOPER 
PORTON  DOWN 
SALISBURY 
WILTSHIRE  SP4  OJQ 
UNITED  KINGDOM 

2  UNIV  OF  WATERLOO 

MECHANICAL  ENGNRG 
M  J  WORSWICK 
D  CRONIN 

200  UNIVERSITY  AVE 
WEST  WATERLOO 
ONTARIO  N2L3G1 
CANADA 

2  DLO  R&P 
P  GOTTS 
P  M  KELLY 
SKIMMINGDISH  LANE 
CAVERSFIELD 
BICESTER  OXON 
0X27  ATS 
UNITED  KINGDOM 

1  TECHNION 

MECHANICAL  ENG  DEPT 
S  BODNER 
HAIFA  3200 
ISRAEL 


5  CRANFIELD  UNIV 

ENGINEERING  SYSTEMS  DEPT 
I  HORSFALL 
M  J  IREMONGER 
C  A  COULDRICK 
E  LEWIS 
C  WATSON 

SHRIVENHAM  SWINDON 
SN6 8LA 

UNITED  KINGDOM 

3  TNO  PML 
J  VAN  BREE 
T  VERHAGEN 
H  HUISJES 
P  O  BOX  45 
2280  AA  RIJSWIJK 
THE  NETHERLANDS 

2  DREV 

D  BOURGET 
A  DUPUIS 
S  OUELLET 

2459  BOULEVARD  PIEXI  NORD 
VAL  BELAIR 
QUEBEC  QC  G37  1X5 
CANADA 

1  DYNEEMA 
M  VAN  ES 
POBOX  6510 
6401  JH  HEERLEN 
THE  NETHERLANDS 

1  ARL  ERO 
S  SAMPATH 
AERO  MECH  ENG 
223  MARYLEBONE  RD 
LONDON  NW1  5TH 
UNITED  KINGDOM 

1  UNIV  OF  BRITISH  COLUMBIA 
METALS  AND  MATERIALS  ENG 
R  VAZIRI 

FRANK  FORWARD  BLDG 
309  6350  STORES  RD 
VANCOUVER  BC  V6T  124 
CANADA 

1  DUPONT  UK  LTD 
S  REBOUILLAT 

MAYDOWN  RESEARCH  CENTER 
LONDONDERRY  BT  47  ITU 
UNITED  KINGDOM 
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6  NATIONAL  UNIV  SINGAPORE 

V  P  W  SHIM 
CTLIM 

K  JFOO 
S  Y  YONG 

V  B  C  TAN 
TETAY 

MECHANICAL  ENGINEERING 
10  KENT  RIDGE  CRESCENT 
SINGAPORE  119260 
SINGAPORE 

1  INSTITUTE  CHEMICAL  PHYSICS 
S  BAZHENOV 
KOSYGIN  STREET  4 
117  977  MOSCOW 
RUSSIA 

1  UNIV  POLITECNICA  MADRID 
B  PARGA-LANDA 
ARQUITECTURA  CONSTRUC 
ETSI  NAVALES 
28040  MADRID 
SPAIN 

1  UNIV  POLITECNICA  MADRID 
F  HERNANDEZ -OLIVARES 
CONSTRUC  TEC  ARQUITEC 
ETS  ARQUITECTURA 
AV  JUAN  DE  HERRERA  4 
28040  MADRID 
SPAIN 

1  TNO  DEFENSE  RESEARCH 
R  IJSSELSTEIN 
PO  BOX  6006 
2600  J  A  DELFT 
THE  NETHERLANDS 

1  AMC  SCI  &  TECH  CTR 
EUROPE 
T  J  MULKERN 
POSTFACH  81 
55247  MAINZ  KASTEL 
GERMANY 


1  LAB  DE  MECANIQUE  PHYSIQUE 
Q  GRIMAL 

LMP  CNRS  ESA  7052 

UNIVERSITE  DE  PARIS  12 

VAL  DE  MARNE 

61  AVE  DU  GENERAL 

DE  GAULLE 

94010  CRETEIL  CEDEX 

FRANCE 

2  DSTO 

WEAPONS  SYSTEM  DIVISION 

J  J  WANG 

N  BURMAN 

307  EPO 

PO  BOX  1500 

SALISBURY  SA  5108 

AUSTRALIA 

2  DSTO 

AERONAUT  MARINE  RESEARCH 

H  H  BILLON 

D  J  ROBINSON 

PO  BOX  4331 

MELBOURNE  3001 

VICTORIA 

AUSTRALIA 

1  DSTL  FORT  HALSTEAD 

P  N  JONES 
SEVEN  OAKS 
KENTTN  147BP 
UNITED  KINGDOM 

1  WILLIAM  LEE  INNOVATION  CENTRE 
UMIST 
COLIN  CORK 
PO  BOX  88 
MANCHESTER 
M60  10D 

UNITED  KINGDOM 

1  UNIV  OF  WIT W ATERSRAND 

B  W  SKEWS 

MECHANICAL  ENGINEERING 

JOHANNESBURG 

SOUTH  AFRICA 
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